Serving as one of our primary environmental inputs, vision is the most sophisticated sensory system in humans. Here, we present recent findings derived from energetics, genetics and physiology that provide a more advanced understanding of color perception in mammals. Energetics of cisetrans isomerization of 11-cis-retinal accounts for color perception in the narrow region of the electromagnetic spectrum and how human eyes can absorb light in the near infrared (IR) range. Structural homology models of visual pigments reveal complex interactions of the protein moieties with the light sensitive chromophore 11-cis-retinal and that certain color blinding mutations impair secondary structural elements of these G protein-coupled receptors (GPCRs). Finally, we identify unsolved critical aspects of color tuning that require future investigation.
Introduction
Color vision provides the primary human sensory perception of our environment and its understanding requires input from a variety of scientific fields (Bowmaker, 2008) . It is initiated when photons of light penetrate the eye to reach the retina causing 'excitation and photoisomerization' of the 11-cis-retinylidene moieties bound to opsin proteins. Photoactivation of these visual GPCRs starts a series of enzymatic reactions collectively termed phototransduction (Polans et al., 1996; Ridge et al., 2003; Yau and Hardie, 2009) . Photopigments represent an exclusive class of receptor proteins that cannot be activated by a classic molecular ligand (Kefalov, 2012; Orban et al., 2014; Palczewski, 2006; Rieke and Baylor, 1998; Salon et al., 2011) . Instead, photopigments contain a prosthetic group, 11-cis-retinal, that once photoisomerized must be continuously regenerated to maintain vision via the retinoid cycle (termed in the past as visual cycle) (Kiser et al., 2014; von Lintig et al., 2010) . Thus, understanding how light interacts with nature's most sophisticated receptors e GPCRs e represents a unique scientific challenge. The phototransduction pathways within rods and cones are similar. In principle these pathways are designed on a common strategy involving homologous gene products with similar functions that significantly differ in some properties such as visual pigments sensitivities to light and their regeneration, kinetics and regulation of the reactions they initiate (reviewed in (Imai et al., 2005; Imamoto and Shichida, 2014; Kefalov, 2012; Korenbrot, 2012; Luo et al., 2008; Wang and Kefalov, 2011) ). Moreover, vision is the major sensory perception system in various species, which makes it a favored target for comparative anatomy. In this review we address several topics of current interest in the first steps in color vision. These include the energetic aspects, disease phenotypes of color vision, and a comparative analysis of the organization of visual color receptors in different species.
Terminology and phylogeny of human cone visual pigments

Background
Visual pigments consist of different proteins called opsins and a universal chromophore 11-cis-retinal (Nathans, 1999; Stenkamp et al., 2002) . The visual system of vertebrates encompasses five evolutionarily distinct classes of visual pigments: rhodopsin (Rh1), LWS, MWS (or Rh2), SWS1 and SWS2. Whether and how melanopsin contributes to vision is a topic of current research Horiguchi et al., 2013; Schmidt et al., 2014b) . All bind to the universal chromophore, 11-cis-retinal via a Schiff base, thus the difference in absorption originates from the different opsin protein moiety. Vertebrate photopigments contain glutamate as a primary counter anion in their third transmembrane sequence at position 113 to stabilize the protonated Schiff base (Collin, 2004; Jacobs, 2009; Nathans, 1999) . Invertebrate visual pigments contain Y113 or F113 and a primary counter ion at position E181 in the second extracellular loop (ECL2). (Ramos et al., 2007; Terakita et al., 2004 Terakita et al., , 2000 . The Rh1 class consists of rhodopsins responsible for scotopic vision. Phylogenetic analyses based on amino acid sequences revealed that the Rh1 class evolved from an ancestral short wavelength sensitive cone pigment about 540 million years ago (Bowmaker, 2008; Collin et al., 2003; Okano et al., 1992; Peichl, 2005) . The other four classes known as cone pigments are responsible for photopic vision. Cone visual pigments are categorized according to both their maximum wavelengths of light absorption (l max ) with bound chromophore and amino acid sequences: long wavelength sensitive (LWS) pigments absorb at a l max of 500e570 nm, medium wavelength sensitive (MWS or Rh2) pigments absorb at a l max of 480e530 nm and two short wavelength sensitive (SWS1, SWS2) pigments absorb at a l max of 354e445 nm and a l max of 400e470 nm, respectively (Hunt et al., 2009; Jacobs, 2008; Yokoyama, 2008) .
Unique photoreceptor physiology improves color perception
Rod and cone photoreceptors form a unique blend of these cells in the retina. Comparison among different species revealed that the organization of the retina and photoreceptor cells varies as much as the species themselves (Walls, 1942) . For instance, the ratio between rod and cone cells in nocturnal species is about 200:1 whereas it is about 20:1 in diurnal species (Peichl, 2005) . Furthermore, expression of two different classes of opsins, SWS and either MWS or LWS in one photoreceptor cell is an exclusive feature found in the house mouse, guinea pig and rabbit (Rohlich et al., 1994) . SWS photopigments are unique cone pigments localized at the autosomal loci of their genes and they display the highest variability among species with respect to both their organization within the retina and their absorption maxima ranging from 360 nm for the SWS type 1 (SWS1) to 420 nm for the SWS type 2 (SWS2) pigment (Hunt and Peichl, 2014) . The ability to tune 11-cisretinal over such a broad range is due to several factors including the variable protonation state of the retinylidene moiety (Lewis et al., 2000; Nathans, 1990; Terakita et al., 2004) . Furthermore, oil droplets, a special feature, are found in photoreceptor cells of birds, turtles, lizards, some fish and Marsupialia (Ahnelt et al., 1996; Arrese et al., 1999; Hannover, 1840) . Oil droplets supposedly improve the quality of vision by increasing the signal to noise ratio, color contrast and hue discrimination (Vorobyev, 2003) . This improved sensitivity is also maintained by a number of carotenoids located in oil droplets that absorb light at specific wavelengths (Goldsmith et al., 1984; Hart et al., 2006; Ives et al., 1983; Knott et al., 2010; Fischer, 1984) .
Properties of trichromacy
Trichromatic vision implies the ability to detect light with three independent receptors differing in their wavelength sensitivities.
Differences in l max between human long wavelength sensitive (L/ LWS) and human medium wavelength sensitive (M/LWS) cone pigments improve distance-dependent discrimination between young and mature leaves, leaves and fruits, or ripe and unripe fruits (Bompas et al., 2013; de Lima et al., 2015; Dominy and Lucas, 2001; Matsumoto et al., 2014; Melin et al., 2014; Regan et al., 2001) . Improved detection and selection of nutrients contributes further to an evolutionary advantage. Others have proposed an advantage of color vision can be found in the faster recognition and better memorization of colored things (Bredart et al., 2014; Gegenfurtner and Rieger, 2000; Wichmann et al., 2002) . Environmental factors and nocturnal living habits have fostered a reduction from four to three classes of cone photopigments in mammals including humans (Bowmaker, 2008) . Humans carry the Rh1 rhodopsin gene, as do all mammals, along with two variants of LWS cone opsin genes: the L/LWS and M/LWS cone opsin genes responsible for long wavelength and medium wavelength absorption. A third opsin encoded by the SWS1 gene is needed to attain trichromacy (Hunt et al., 2009; Nathans, 1999) . Further, the three cone photopigments with their distinct sensitivities can match the visible spectrum by combination of three colors, namely red, green and blue ( Fig. 1 ). An opposing processing theory of color vison is another physiological model which takes into account that certain pairs of colors cannot be seen together, e.g. red and green or blue and yellow ( Fig. 2) (Dacey, 1996; Lee, 2014; Rowe, 2002) . (Stockman and Sharpe, 2000) . The normalized sensitivity of the visual spectrum is combined with the corresponding IR spectrum determined by the two-photon effect. The corresponding IR spectrum shows a sensitivity maximum of 50% due to the two-photon effect. The white vertical line separating the classical visible from the near IR spectrum indicates the boundary between these two spectra. Fig. 2 . A simplified model of light absorption and neuronal processing according to the color opponent theory modified by (Schmidt et al., 2014a) . Representations of blue, green, yellow and red monochromatic light from short to long wavelengths are shown at increasing wavelengths. The corresponding qualitative and normalized cone spectral sensitivities are illustrated by the size of each cone. The cones are colored according to their spectral sensitivity, red for L/LWS, green for M/LWS and blue for SWS1 cone photoreceptor cells. A simplified processing of the cone signals through the midget ganglion cells is represented by gray lines which finally results in color perception. Nevertheless, contributions of rod photoreceptor cells and melanopsin containing retinal ganglion cells are still missing .
Electrophysiological recordings support the idea that responding neurons of the lateral geniculate nucleus can be divided into four wavelength-dependent groups. These groups are characterized according to the opposing system: þRed eGreen, þGreen eRed, þBlue eYellow and þYellow eBlue (Fig. 2) (De Valois et al., 1966) . Besides these two theories of trichromacy and opponent colors, recent findings suggest the contribution of a fourth pigment e melanopsin e at high photopic levels to peripheral vision (Horiguchi et al., 2013; Schmidt et al., 2014b) , and perhaps fifth, rod photoreceptor cells contribute to color vision . Current issues relating to color vision with an emphasis of neuronal processing are reviewed by (Lee, 2014) .
Thus, colors play a major role in communication within and between species and can be considered a first primitive universal language. Communicating through colors can be a rapid, beautiful, meaningful, and subtle way of interaction. For instance, colors and color perception are crucial in avoidance of predators (camouflage), mimicry, warning or improving the chances of mating to assure successful reproduction and survival (Bloch, 2015; Jacobs and Nathans, 2009; Sandkam et al., 2015; Yokoyama, 2000) .
Interplay of photoreceptors and neurons in color vison
Visual perception begins when photons of different energies interact with chromophores in distinct types of photoreceptor cells (Kefalov, 2012; Rieke and Baylor, 1998) . These interactions transform the electromagnetic information into an electrochemical potential which then is modified, conducted and analyzed via different types of neurons (De Valois et al., 1966; Luo et al., 2008; Schmidt et al., 2014a) . Color vision per se is processed by interconnected neurons, because the cone photoreceptor cells themselves are 'colorblind'. A simple fact is that in scotopic vision the environment appears as black and white, although rod photoreceptor cells have their maximal sensitivities in the green spectral region ( Fig. 1) (Lee, 2014; Schmidt et al., 2014a; . In the following paragraphs, we focus on the interplay of light with pigments and how neurons shape our color perception.
Multichromacy and its dimensions
Three cone photoreceptor types, each designated according to the opsin gene expressed, mediate human color vision. Thus, short wavelength sensitive cones contain SWS1 pigment, medium wavelength sensitive cones contain M/LWS pigment, and long wavelength sensitive cones contain L/LWS pigment. The wavelength of maximum absorption is around 420 nm for human SWS1 cones, near 530 nm for human M/LWS cones, and about 557 nm for human L/LWS cones (Dartnall et al., 1983; Merbs and Nathans, 1992; Neitz and Neitz, 2011; Stockman et al., 1993; Yoshizawa, 1994) . Due to the spectral sensitivity of these three pigments and neuronal processing, humans can discriminate colors in the visible range of light from about 420 nm to 680 nm (Figs. 1e2, Tables 1 and 2) (Jacobs and Nathans, 2009) . Aside from trichromatic vision, there also is diÀ, or tetrachromatic vision. Tetrachromatic vision, for example, is found in chickens and pigeons that possess an additional UV-sensitive photoreceptor besides the three usual photoreceptor types (Bowmaker, 1984; Vorobyev et al., 1998; Yoshizawa, 1994) . The dimensionality of chromatic vision is not directly correlated with the number of pigment classes. Indeed, the presence of four cone classes does not implement tetrachromacy per se; only behavioral studies could reveal this correlation (Bowmaker, 2008) . Albeit that the mantis shrimp has 12 types of photoreceptor cells ranging from ultraviolet (UV) to deep red, these 12 photoreceptor cell types do not indicate dodecachromacy. However, this shrimp certainly can absorb a broader spectrum of light than other species with less photoreceptors (Marshall and Oberwinkler, 1999) . Recent, behavioral studies on the mantis shrimp showed that its color perception differs from the known human color opponent theory. Further, the 12 photoreceptors allow the mantis shrimp to detect colors more quickly. Thus the advantage lies in color detection rather than color discrimination (Land and Osorio, 2014; Thoen et al., 2014) .
Neuronal contribution to color perception
Color vision and all other sensory perceptions are processed and evaluated by numerous neurons (Bowmaker, 2008) . About 37% (or up to 60% depending on the literature source) of the human striate cortex is involved in the evaluation of only 3% of the visual field (Horton and Hoyt, 1991; Pahlberg and Sampath, 2011; Tolhurst and Ling, 1988; Wong and Sharpe, 1999) . By comparing the number of involved neurons per sensory process, it becomes obvious that visual stimuli provide the most information about our environment. Post-photoreceptor signaling plays a major role in the (Neitz and Neitz, 2011) .
Human Rhodopsin: l max 496 nm (Dartnall et al., 1983) , 497 nm (Bowmaker and Dartnall, 1980) , 505 nm (Brown and Wald, 1964) , 498 nm (Nathans, 1990) . Human SWS1: l max 426 nm , 424 nm (Oprian et al., 1991) , 419 nm (Dartnall et al., 1983) , 410 nm (Asenjo et al., 1994) , 420 nm (Bowmaker and Dartnall, 1980) , 450 nm (Brown and Wald, 1964) , 420 nm (Neitz and Neitz, 2011) . Human M/LWS: l max 530 nm , 530 nm (Oprian et al., 1991) , 530 nm (Dartnall et al., 1983) , 532 nm (Asenjo et al., 1994) , 533 nm (Bowmaker and Dartnall, 1980) , 525 nm (Brown and Wald, 1964) , 530 nm (Neitz and Neitz, 2011) . Human L/LWS: l max 552 nm , 560 nm (Oprian et al., 1991) , 558 nm (Dartnall et al., 1983) , 563 nm (Asenjo et al., 1994) , 562 nm (Bowmaker and Dartnall, 1980) , 555 nm (Brown and Wald, 1964) , 557.5 nm (Neitz and Neitz, 2011) .
Human melanopsin l max 479 nm (Bailes and Lucas, 2013) Table 2 Conversion of specific absorption maxima (l max ) into corresponding energy units (Neitz and Neitz, 2011 discrimination and processing of visual stimuli (Bitensky et al., 1985; Conway et al., 2010; Dacey et al., 1996; De Valois and De Valois, 1993; Lee, 2014; Mancuso et al., 2010; Neitz and Neitz, 2011; Schmidt et al., 2014a; Valois, 1993; Mancuso et al., 2010; Müller, 1930) . Current models of color vision emphasize inputs from three types of cone photoreceptor cells and rod photoreceptor cells, which also contribute to daylight vision in the retina . Here rod photoreceptor cells elicit a light intensity-dependent signal modulated by horizontal cells (Szikra et al., 2014) . Positing that stimuli elicited by rods and cones are modified by each other along neuronal pathways suggests that color vision results from more than a complex interplay between cone photoreceptor cells and other neurons Conway et al., 2010; De Valois and De Valois, 1993; Dunn et al., 2007; Szikra et al., 2014 Fig. 2) (Schmidt et al., 2014a) . Melanopsin signaling can contribute to the contrast sensitivity in vision (Schmidt et al., 2014b) . A model based on principal component analysis suggests how rod photoreceptor and ganglion cells containing melanopsin contributions could be achieved. In this principal component analysis, the most important chromatic contribution is also the blueeyellow input . How these signals from cone, rod photoreceptor cells and melanopsin-containing ganglion cells are processed and if the current models of color perception need to be expanded remain topics of ongoing research.
Energetics of cisetrans isomerization of 11-cis-retinal
In the following paragraphs, we focus on the energetics of cisetrans isomerization of 11-cis-retinal triggered by interaction with photons of specific energy (Barlow et al., 1993; Frutos et al., 2007; Gozem et al., 2012; Luo, 2000; McBee et al., 2001; Polli et al., 2010) . Moreover, we discuss which physicochemical properties limit the visible spectrum and how these can be overcome.
To comprehend the principles of spectral tuning it is crucial to consider the mechanism of photoactivation from an energetic perspective. Photoactivation by a single photon generally leads to the same outcome, namely excitation of the chromophore and subsequent photoisomerization of retinal from 11-cis-retinal to the all-trans-configuration (Frutos et al., 2007; Gozem et al., 2012; Luo et al., 2008; Polli et al., 2010) . To understand the activation by photons of different wavelengths or energies, it is critical to determine how the energetics vary with different interactions of the retinoid chromophore with its local environment. Such interactions form the basis of spectral tuning. Hence, characterizing the energetics of these interactions provides insights into how visual pigments accomplish the absorption of a wide UVevisible-IR spectrum of light with the same retinal chromophore, which by itself can only absorb light in the UV range (Fujimoto et al., 2009; Okada et al., 2002; Rajamani et al., 2011 (Dilger et al., 2015a; Luo, 2000) . This energy level limits the visual spectrum on the IR side. Furthermore, the reduced transmission of UV-light by mostly the lens and cornea and to a lesser extent by the vitreous limits our light absorption on the short wavelength side of the spectrum and also protects the retina from radiation damage (Ambach et al., 1994; Norren and Vos, 1974; Walls, 1942) . The human lens starts transmitting 50% of light at a wavelength range of 425e475 nm (Kessel et al., 2010; Lei and Yao, 2006) . This 50% light transmission decreases with age and shifts towards 575 nm (Artigas et al., 2012; Dillon et al., 1999; Kessel et al., 2010) . Further, cornea and aqueous humor show a more complex light transmission after 1300 nm with two declines at~1400 nm and~2000 nm. Moreover, the vitreous humor transmission shows two declines at~1000 nm and~1200 nm (Boettner and Wolter, 1962; van den Berg and Spekreijse, 1997) . Thus the combined absorption by cornea, aqueous humor, lens and vitreous humor shapes the range of electromagnetic spectra of visual perception in humans.
Molecular insights into spectral tuning
11-cis-Retinal is the universal chromophore responsible for absorbing light in all four types of photoreceptors and melanopsin with the opsin and bound chromophore specifying the wavelength of absorbed light (Kiser et al., 2014) . This unprotonated chromophore has an absorption maximum at about 380 nm in methanol solution and undergoes a bathochromic shift (towards longer wavelengths) upon protonation or covalent binding (Schiff base formation) (Blatz and Liebman, 1973; Fujimoto et al., 2005; Sakmar, 2012) . Moreover, electrostatic interactions between the retinylidene moiety and the opsin protein environment cause additional tuning of wavelength absorption (Coto et al., 2006a, b; Zhou et al., 2014) . These interactions include the pigments' different amino acid residues and also their spatial orientation, internal water molecules and counter ions. Overall covalent and non-covalent interactions of the bound retinal are responsible for the bond length alterations and conformations of the chromophore crucial for fine-tuning spectral absorption (Coto et al., 2006b; Fujimoto et al., 2009; Okada et al., 2002; Rajamani et al., 2011) . Thus, binding to amino acid residues, waters or counter ions that increase electron delocalization and decrease bond length alternation induce a bathochromic shift, whereas decreased electron delocalization and increased bond length alternation cause a hypsochromic shift (towards shorter wavelength) of the chromophore (Fujimoto et al., 2006; Sekharan et al., 2012) . From a quantum chemical perspective a bathochromic or hypsochromic shift results from the relative stabilization of the excited electronic state (S 1 ) of the retinal chromophore with respect to the ground state (S 0 ). The electronic structure (charge distribution) of the excited state and ground state are different. Therefore, interactions that stabilize the charge distribution of the S 1 with respect to the charge distribution of the S 0 will cause a bathochromic shift. The same is true for a stabilization or destabilization of the S 0 with respect to the S 1 (Melaccio et al., 2012) . Because no cone pigment structure is yet available, it is difficult to predict the coordinates of protein residues, counter anion hydrogen bond networks or waters to determine exactly how nature achieves specific spectral tuning for color vision. All our structural information about cone pigments (Stenkamp et al., 2002; Teller et al., 2003) is derived from modeling studies based on the rhodopsin structure (Palczewski et al., 2000) .
All five photopigments including melanopsin have their maximal absorption (l max ) at a unique wavelength. These maxima were measured and determined over decades by several groups using different methodologies (Asenjo et al., 1994; Bailes and Lucas, 2013; Bowmaker and Dartnall, 1980; Brown and Wald, 1964; Carroll et al., 2002; Dartnall et al., 1983; Merbs and Nathans, 1992; Oprian et al., 1991) . The data reveal that there is a natural variation in l max caused predominantly by mutations in the 2, 3 and 4 exons of L/LWS and M/LWS opsin genes in normal color vision. Here we report a summary of currently available absorption maxima and calculate the energies of the specific wavelengths shown (Tables 1 and 2, and Fig. 1 ). Throughout this review we will refer to the l max values published by (Neitz and Neitz, 2011) .
Physicochemical limits of human visible spectra
A photopigment is activated with a quantum yield of 0.65 when a photon of an electromagnetic wave with energy close to the absorption maximum strikes the chromophore (Kefalov et al., 2003; Kim et al., 2001 Kim et al., , 2003 Liu and Colmenares, 2003; Rieke and Baylor, 1998) . Measurements of absolute thresholds in human vision revealed that a single photon cannot provoke a physiological response. Absolute thresholds for humans to detect a signal through cones and rods are about 200 and 50 photons, respectively (Koenig and Hofer, 2011) . A visual stimulus is elicited when the energy of a photon meets the energy required to promote the chromophore from an electronic ground state (S 0 ) to the first electronically excited singlet state (S 1 ) where it undergoes cisetrans isomerization to the photoproduct. Such photoisomerization involves the passage through a S 0 /S 1 conical intersection that can be found along a plot of the energetics of the reaction (Barlow et al., 1993; Frutos et al., 2007; Gozem et al., 2012; Polli et al., 2010) . Body temperature contributes continuously to the vibrational mode of the electronic ground state of the chromophore and thus destabilizes the ground state ( Fig. 3 ) (AlaLaurila et al., 2004; Luo et al., 2011 (Bravaya et al., 2007 ).
The energy barrier for isomerization of the free retinal protonated Schiff-base chromophore was determined to be: (Dilger et al., 2015b) . Conversely, the energy barriers for chromophore isomerization in rhodopsin are higher compared to the free chromophore. Thus, they suggest that the pigment proteins restrict isomerization and thereby regulate sensitivity (Bravaya et al., 2007; Dilger et al., 2015a; Lorenz-Fonfria et al., 2010; Sugihara et al., 2002) . The existence of an isomerization barrier stands in contrast to the barrier-free cisetrans isomerization as noted earlier by (Barlow et al., 1993; Frutos et al., 2007; Polli et al., 2010 (Baylor et al., 1980; Guo et al., 2014; Luo et al., 2011) , and for the photochemical activation path from (Barlow et al., 1993; Cooper, 1979; Gozem et al., 2012; Lorenz-Fonfria et al., 2010) . The range of activation energy can be explained by different calculation models or protonation states of the chromophore. Thus, deprotonation leads to destabilization of the ground state thereby lowering the energy barrier for isomerization (Barlow et al., 1993) . Others suggest that the difference of activation energy is due to conformational fluctuations of the binding pocket rather than the chromophore (Lorenz-Fonfria et al., 2010) . Conformational fluctuations would further support the model of a different thermal-dependent isomerization mechanism controlled by an energy barrier E T a (Frutos et al., 2007; Gozem et al., 2012; Polli et al., 2010 ). An example of a deprotonated chromophore can be found in the UV pigment (Lythgoe and Quilliam, 1938) . At 1050.9 nm the combined thermal and radiation energy crosses the threshold which implies the theoretical limit of mammalian light perception.
(SWS1) of the Siberian hamster. The thermal activation energy of UV pigment (SWS1) from a Siberian hamster is only half that of bovine rhodopsin (depending on the literature), about 96:3 kJ mol 23:0 kcal mol , which corresponds to l ¼ 1243.1 nm (Mooney et al., 2015) . This result appears counter intuitive because the UV pigment (SWS1) is triggered by photons of higher energy than rhodopsin. Therefore, a higher activation energy would be expected for UV pigments. The reason for the higher thermal activation energy of rhodopsin lies in its increased photosensitivity compared to that of cone pigments. Whether the different sensitivity between the SWS1 photopigment and bovine rhodopsin only depends on the protonated state or if there are other factors, is part of ongoing research. The interdependence of the activation energy and maximal absorption in different photopigments is addressed by the Stiles LewiseBarlow hypothesis that includes the thermal activation energy ðE T a Þ as a constant which depends on the photon energy and thus the maximal absorption such as E T a ¼ const: Â 1 lmax ; or const: Â l max (Barlow, 1957; Lewis, 1955; Stiles, 1948) . Spectroscopic and electrophysiological measurements combined with statistics indicate that E T a does not show a strict dependence on l max or on 1 lmax for all pigments (Ala-Laurila et al., 2003 , 2004 Koskelainen et al., 2000) . Nevertheless, recent findings generated by quantum mechanical calculations showed that E T a of bovine rhodopsin indeed depends on 1/l max , which supports an "anti-Barlow" correlation (Dilger et al., 2015a; Gozem et al., 2012) . Thus, the interplay between the activation energy and absorption maxima is still a topic of debate. Only a combined approach of structural biology, computational chemistry and photochemistry will provide us further insight into the energetics of nature's photoreceptors.
From a pure energetic perspective based on bond dissociation, and neglecting the photochemical reaction path described above, the isomerization of 11-cis-retinal to all-trans-retinal requires breakage of a p bond. This C, Cep bond dissociation energy at the 11 and 12 position of the rhodopsin complex was stated to be 156:4±6:3 kJ mol 37:4±1:5 kcal mol , with the corresponding wavelength l ¼ 764.5 nm (Luo, 2000) . The thermal isomerization of the chromophore in rhodopsin, supposedly proceeds by a different path as its photoactivation requires an activation energy of about
, with the corresponding wavelength l ¼ 819.0 nm (Gozem et al., 2012) . Both wavelengths also relate to the energetic minimum of the human visible spectrum. Thus, it remains to be answered if cone photopigments also participate in two activation routes, both through a l max specific photoactivation path and a photopigment universal thermal activation path. Moreover, the maximal energy limit of the human visible spectrum is about 380 nm which is 314:6 kJ mol 75:2 kcal mol . With this amount of energy, it is possible to break weak CeH or CeC single bonds (Luo, 2000) . Breakage of a CeC or CeH bond would lead to a decay of the chromophore or other macromolecules which would harm the retinoid cycle and thus impair vision (Kiser et al., 2014) . However, the lens and vitreous show a higher absorption of short wavelength light that prevents damage to the retina by high energy irradiation (Norren and Vos, 1974) . These data provide a physicochemical explanation for the natural limits of the human visual spectrum. However, a recent publication about IR vision indicates that these limits can be extended by two-photon isomerization with modern instruments. Thereby, the two-photon effect enables detection of IR light emitted by a laser (Palczewska et al., 2014) . (Baylor et al., 1980; Guo et al., 2014; Luo et al., 2011; Lythgoe and Quilliam, 1938) (Barlow et al., 1993; Cooper, 1979; Gozem et al., 2012; Lorenz-Fonfria et al., 2010; Luo et al., 2011; St George, 1952 (Guo et al., 2014) . The reported differences in E T a between (Ala-Laurila et al., 2002) and (Guo et al., 2014) are due to the different decay models used. The latter takes into account that thermal decay of rhodopsin measured at 500 nm consists of both the thermal isomerization and hydrolysis of the Schiff base (Liu et al., 2011 (Liu et al., , 2009 ). Furthermore, basic Boltzmann statistics were used to describe the thermal activation of a complex molecule such as retinal. Basic Boltzmann statistics reduce a complex reaction to a simple process like the collision of gas molecules (Luo et al., 2011) . Thus, the use of basic Boltzmann statistics and conventional Arrhenius analysis contribute further to the difference found between the above stated activation energies. Furthermore, the lipidic environment of rhodopsin changes at higher temperatures and thus should influence the decay of rhodopsin (Garavito and Ferguson-Miller, 2001; Paleologos et al., 2005; Stalikas, 2002; Vautier-Giongo and Bales, 2003) . Recent findings reveal that the isomerization of the chromophore is an exclusive mechanism for thermal activation (Yanagawa et al., 2015) . Further, they found a relationship between the thermal stability of rhodopsin, the low dark noise and the stability of the activated Meta II state (Yanagawa et al., 2015) . Discrepancies between theoretical activation energies of 11-cis-retinal isomerization and minor deviance from experimental energies indicate that the mathematical models are improving; however, they are still a matter of controversy in the fields of computational chemistry, photochemistry and biochemistry, thus much remains to be answered.
Human vision beyond the visible spectra
Human rhodopsin sensitivity was calculated and measured at 1050 nm 114:0 kJ mol ; or 27:2 kcal mol (Griffin et al., 1947) . These calculations based on classic MaxwelleBoltzmann distribution suggested that rhodopsin bleaches and absorbs light even at 1050 nm and with 10 À12.4 times less sensitivity than at 510 nm (Griffin et al., 1947; St George, 1952 (Fig. 3) . However, this activation requires 10 12.4 more photons due to the reduced sensitivity of bovine rhodopsin at 1050 nm (St George, 1952) . Fig. 3 shows the combinations of thermal energy (red bars) and quantum energy (blue bars) at various wavelengths. The thermal energy contribution facilitates activation from 675 nm to 1050.9 nm where the quantum energy of light would not suffice to achieve the threshold of activation energy (black line). Recent findings demonstrate that mammalian photoreceptors can elicit a signal if irradiated with IR light at wavelengths longer than 800 nm (Palczewska et al., 2014) . Here excitation is triggered by a two-photon effect yielding a total energy corresponding to twice the single photon energy (Fig. 1) . Thus, doubling the energy leads to a color perception corresponding to one photon in the visual spectra. Although this multi-photon excitation is a remarkable observation, the extent to which this two-photon excitation shapes our visual perception remains to be determined.
Phototransduction noise of photoreceptor cells
Phototransduction noise of photoreceptor cells determines our visual sensitivity (Aho et al., 1988; Angueyra and Rieke, 2013; Bulmer et al., 1957) . Phototransduction noise originates from two sources; one is the thermal noise of visual pigments, the other results from phototransduction downstream events. Thus, the extent to which each source contributes to this noise depends on both the photoreceptor cell and photopigment type (Angueyra and Rieke, 2013; Kefalov, 2012; Korenbrot, 2012; Rieke and Baylor, 2000) . In addition to significant structural differences between rods and cones (Mustafi et al., 2009) , cone photoreceptor cells bear an increased noise compared to rod photoreceptor cells (Barlow, 1957; Rieke and Baylor, 2000; Yanagawa et al., 2015) . A comparison of phototransduction noise events in salamander long wavelength sensitive (LWS) and short wavelength sensitive (SWS) cone photoreceptor cells revealed that in LWS cones the noise is mainly caused by spontaneous activation of the photopigment (thermal noise), whereas in SWS cones downstream events are responsible for the phototransduction noise (Rieke and Baylor, 2000) . A comparison of primate cone photoreceptor cells suggests that phototransduction noise in cone photoreceptor cells is dominated by noise from downstream events such as channel noise and fluctuations in cGMP concentrations and not by thermal noise (Angueyra and Rieke, 2013; Fu et al., 2008) . The thermal noise of visual pigments is determined by the energetic states of the chromophore or structural fluctuations of the binding pocket and ultimately shapes the spectral sensitivity of each photoreceptor cell (Aho et al., 1988; Gozem et al., 2012; Lorenz-Fonfria et al., 2010; Rinaldi et al., 2014) . Recent work determined two key residues E122 and I189 in rhodopsin which contribute to the lower dark noise compared to cone visual pigments (Yanagawa et al., 2015) . The source of noise that contributes to the photoreceptor sensitivity is still a topic of ongoing research.
Molecular insights into color tuning
Molecular insights into SWS1 color tuning
The human SWS1 cone pigment induces a hypsochromic shift in the absorption maximum of 11-cis-retinal, with a published peak absorption of human SWS1 cone pigment ranging from 410 to 450 nm (Tables 1 and 2 and Fig. 1) (Asenjo et al., 1994; Bowmaker and Dartnall, 1980; Brown and Wald, 1964; Dartnall et al., 1983; Merbs and Nathans, 1992; Neitz and Neitz, 2011; Oprian et al., 1991) . Several investigations combining site-directed mutagenesis, spectroscopy, modeling, quantum mechanics/molecular mechanics (QM/MM) estimates and combinations of these approaches have provided insights into the molecular mechanism of spectral tuning by SWS1 cone pigment.
The low 62% identity in protein sequence between rhodopsin and SWS1 opsin indicates a difference in intramolecular interactions despite a similar function. Highly conserved residues and domains within visual pigments suggest their crucial role in function including color tuning. For instance, conserved in human cone pigments, the F207 residue plays an important role in photoactivation and a minor role in spectral tuning. Replacing F207 with a V, Y, T or S consistently leads to a reduction or absence of absorption without changing l max (Kuemmel et al., 2013) . Moreover, a less conserved acidic residue in visual pigments in ECL2 D181 or E181 plays a crucial role in GPCR activation as a counter ion switch (Terakita et al., 2004 (Terakita et al., , 2000 Yan et al., 2003) . Thereby, GPCR activation causes a proton transfer from E181 to E113 through a hydrogen bond network resulting in the activated GPCR conformation (Martinez-Mayorga et al., 2006; Ramos et al., 2007; Yan et al., 2003) . However, the M/LWS and L/LWS photopigments do not contain an acidic residue at position 181, but an H197 residue which serves as chloride-binding site (Wang et al., 1993; Yan et al., 2003) . If and how the chloride ion contributes to the activation mechanism as the above mentioned acidic residues D181 and E181 remains to be answered. Furthermore, sequence alignments of the visual pigments showed seven conserved residues in ECL2: R177, P180, G182, S186, C187, G188, and D190 (rhodopsin numbering). These residues, though preserved, can play different roles in SWS1 and other visual pigments. Mutational and molecular dynamic (MD) studies of Xenopus violet cone pigment, a SWS1 class opsin, revealed a hydrogen bonding network between ECL2, ECL3 and the N-terminus. Despite the conserved residues in ECL2, bovine rhodopsin's ECL2 shows extensive interactions between ECL3 and the N-terminus via a hydrogen network without direct interactions with ECL3 or the N-terminus. Finally, mutagenesis studies revealed that E176 and S181 participate in protein folding and chromophore binding in Xenopus violet cone pigment . The differences at the N-terminal (extracellular) domain between cone pigments and rhodopsin provide a possible explanation for the increased chromophore dissociation. Cone visual pigments show a dark dissociation comparable to 500 photoisomerizations per s (Kefalov et al., 2005) . A more open conformation of the extracellular domains allow small nucleophilic agents to penetrate the binding site and cause hydrolysis of the chromophore (Wald et al., 1955) . Moreover, the SWS1 pigment Meta II state decays 40 times faster than rhodopsin, despite their similar photoresponses. This effect could also originate from reduced cone pigment stability (Kefalov et al., 2003; Shi et al., 2007) . According to QM/MM calculations, the molecular basis of spectral tuning within the UV to violet wavelength range involves stabilization of either the deprotonated (UV) or protonated (violet) Schiff base. Deprotonation increases bond length alternation and thus causes a hypsochromic shift of 11-cis-retinal absorption (Altun et al., 2011 (Altun et al., , 2009 Zhou et al., 2014) . Additional structural modeling, QM/MM calculations and mutagenesis studies indicated that a complex hydrogen network forms an inter-helical lock within TM2, TM3 and TM6. This lock contributes to stabilization of the deprotonated Schiff base and thus enables the spectral tuning of Siberian hamster UV cones (Sekharan et al., 2013) . Mutagenesis studies showed that a single amino acid substitution, S90C, is responsible for the major hypsochromic shift of 34e46 nm in avian SWS1 pigment and, further supporting this observation, the C90S reverse substitution, caused a bathochromic shift of 38 nm in zebra finch. However, similar mutagenesis studies of mouse and bovine SWS1 pigments indicate that the S90C substitution showed only a marginal effect, whereas a single substitution at position F86Y was responsible for their 70 nm difference in absorbance (Sekharan et al., 2013; Yokoyama et al., 2000) . Despite difficulties with interpretation, mutagenesis studies of photopigments combined with evaluation of their changes in absorption are a powerful approach. We must remember that a mutation without an effect on absorption could still change the hydrogen bond network if, for example, waters rearrange in the binding pocket and compensate for the changed residue. Thus it is difficult to draw conclusions about spectral tuning from mutagenesis studies alone.
These results indicate that spectral tuning in different cone pigments and species is maintained by complex interactions involving different amino acids. Therefore, each cone opsin class from different species must be examined individually. Also, spectral tuning results from a complex interplay between multiple amino acid residues, hydrogen bond networks and waters within the chromophore-binding site. A combined approach of mutagenesis studies and QM/MM modeling would shed a new light on the mechanisms of spectral tuning.
Molecular insights into color tuning of M/LWS and L/LWS cones
Both M/LWS and L/LWS cone photopigment induce a bathochromic shift in the absorption maximum of 11-cis-retinal relative to free retinal. Published absorption peaks of these cone visual pigments range from 552 to 563 nm and 525e533 nm, respectively (Tables 1 and 2 and Fig. 1) (Asenjo et al., 1994; Bowmaker and Dartnall, 1980; Brown and Wald, 1964; Dartnall et al., 1983; Merbs and Nathans, 1992; Neitz and Neitz, 2011; Oprian et al., 1991) . Several approaches including mutagenesis, spectroscopy, modeling studies, and their combinations have yielded insights into the molecular mechanisms of spectral tuning by M/LWS and L/ LWS cone pigments.
Alignment of the human L/LWS and M/LWS protein sequences displays a difference in a total of fifteen amino acids. Of these fifteen, seven amino acids are responsible for the spectral difference between human L/LWS and M/LWS cone pigments as determined by Oprian's group. Listed from L/LWS to M/LWS, these amino acids are: S116Y, S180A, I230T, A233S, Y277F, T285A and Y309F (Fig. 4) (Asenjo et al., 1994) . Other groups using mutagenesis found that five amino acids and their interactions are responsible for the spectral tuning between vertebrate LWS and Rh2 pigments: S180A, H197Y, Y277F, T285A, and A308S (Wang et al., 1993; Yokoyama et al., 2008) . Three of these five mutations are identical with the seven amino acids responsible for the spectral tuning in the L/LWS and M/LWS pigments. These data show that spectral tuning resulting in the same spectral shift can be accomplished through different combinations of amino acid substitutions. Fifteen implicated amino acids differ between L/LWS and M/LWS. Thus theoretically there are 15 20 possible mathematical combinations that could achieve the spectral absorption of the human L/LWS and M/LWS by only considering the changes in standard amino acids. These results reinforce the conclusion that spectral tuning involves a set of highly complex interactions amongst different residues, chromophore and internal waters which cannot be derived accurately through mutagenesis (Asenjo et al., 1994) . Numbers within the LWS model help to orient between the magnifications and the GPCR overview. Fifteen changes in amino acid residues are magnified on a gray background; amino acid residues contributing to color tuning are in their corresponding colors, namely red for L/LWS and green for M/LWS. Changed amino acid residues that do not affect spectral tuning are colored according their atoms.
alone. Furthermore, the LWS cone pigments harbor an additional feature for spectral tuning called the 'chloride effect' wherein a chloride-binding site located near His197 contributes to the bathochromic shift of retinal in both human L/LWS and M/LWS cone pigments (Wang et al., 1993; Yamashita et al., 2013) . The same effect is found in iodopsin (chicken LWS pigment) wherein depletion of chloride leads to a hypsochromic shift of about 40 nm (Hirano et al., 2001 ). The 'chloride effect' has been reported in mouse visual pigments where it also accounts for the above mentioned hypsochromic shift (Sun et al., 1997) . Moreover, this chloride effect causes a faster decay of the Meta I state and, thereby, a more rapid formation of the active state (Morizumi et al., 2012) . Results published to date are derived from mutagenesis of different amino acids close to the chromophore and their impacts upon spectral tuning. Absorption of naturally occurring visual pigments illustrate the extensive repertoire of absorption spectra which nature maintains ranging from 355 nm in Danio rerio (Zebrafish) to 625 nm in Anolis carolinensis (American Chameleon) (Amora et al., 2008; Chinen et al., 2003; Kawamura and Yokoyama, 1993 ). An extreme example of artificial tuning was performed with human cellular retinolebinding protein II. Systematic mutagenesis of amino acids close to the chromophore led to absorption spectra ranging from 425 nm up to 644 nm (Sakmar, 2012; Wang et al., 2012) . The described artificial spectral tuning through the cellular retinolbinding protein II gave insights into the correlation between electrostatic effects, counter anion, structure of 11-cis-retinal and absorbed wavelength (Huntress et al., 2013 ). An artificially engineered system such as this experiment demonstrates is the marked ability of 11-cis-retinal to absorb light over a broad spectrum. Yet it fails to provide further insights into how nature and evolution accomplish color tuning. Besides the role of amino acid residues in spectral tuning, investigations of rhodopsin revealed that internal waters play a crucial role in the hydrogen bonding network and thus in spectral tuning (Okada et al., 2002) . Because cone photopigment crystal structures are lacking, the role of waters and the precise location of the hydrogen networks have yet to be documented. This fact reinforces the need for crystallographic structures for each human cone pigment to fully understand the molecular details underlying spectral tuning in cone photopigments.
Deficiencies in color vision
Inherited color vision deficiencies of various types and degrees occur in humans (Neitz and Neitz, 2011; Roosing et al., 2014) . Among others, these include different types of monochromacy, the common redegreen color deficiencies and blueeyellow color deficiency. There are two forms of monochromacy: Form 1, rod monochromacy or achromatopsia; and Form 2, blue cone monochromacy or incomplete achromatopsia. Form 1 is caused by mutations in the CNGA3 gene, CNGB3 gene, GNAT2 gene, or PDE6C/H gene. Patients suffering from rod monochromacy caused by mutations in CNGA3 have normal rod and cone pigment levels but only rod responsivity (Alpern, 1974; Kohl et al., 2000 Kohl et al., , 2002 Kohl et al., , 1998 . Mutations in the CNGB3 gene and the PDE6C gene alter the function of cones and also decrease the number of cone photoreceptors in the retina (Grau et al., 2011; Thiadens et al., 2009; Varsanyi et al., 2007) . Form 2 is caused by mutations in the locus control region for the human long wavelength sensitive (L/LWS) and human medium wavelength sensitive (M/LWS) pigment genes or harmful mutations in both L/LWS and M/LWS genes which cause the absence of functional LWS cone pigments (Gardner et al., 2014 (Gardner et al., , 2009 (Gardner et al., , 2010 Mizrahi-Meissonnier et al., 2010; Nathans et al., 1989) .
Redegreen color deficiencies are largely due to increased nonhomologous recombination of nearly identical sequences of L/
LWS and M/LWS opsin genes. Gene duplication of the L/LWS gene lead to a head-to-tail array of numerous L/LWS and M/LWS genes. Numerous copies of L/LWS and M/LWS opsin genes in this array
increase the probability of unequal crossing-over where one or more of the six exons are exchanged (Crognale et al., 1998; Deeb et al., 1992; Hayashi et al., 2006; Jagla et al., 2002; Nathans et al., 1986a; Neitz et al., 1989; Neitz et al., 1996) . Successful gene therapy in redegreen color blind primates shows that common color vision deficiency can be rescued. Thus, successful treatment of a non-human adult primate indicates that gene therapy in a neuronal context can be effectively applied after the developmental stage (Mancuso et al., 2009) . Another proposed rescue of daylight vision has been achieved by cell transplantation in mice (Santos-Ferreira et al., 2015) .
Blueeyellow color deficiency can be caused by one of the six known mutations or other unreported mutations within the human short wavelength sensitive (SWS1) opsin gene (Table 3) (Neitz and Neitz, 2011) . Interestingly, none of the mutated amino acid residues interact directly with the chromophore or show a shift of the SWS1 pigment spectral sensitivity (Fig. 6) . Only seven amino acid residues are responsible for the spectral shift between L/LWS and M/LWS pigment of which only three interact directly with the chromophore. This fact leads us to conclude that the six mutations in the SWS1 opsin must perturb the folding, hydrogen bond network, stability, activation or transport instead. One reason for the minor number of known mutations which shift the spectral absorption in the SWS1 pigment is that mutations causing a minor shift of the SWS1 pigment will not overlap with the absorption spectra of other visual pigments. Thus a mutation causing a spectral shift of the SWS1 pigment will not result in a severe compromising color vision deficiency and is not reported.
Tritanopia
SWS1 cones comprising about 6% of all human cones, are distributed independently throughout the retina and show a hexagonal packing with neighboring photoreceptor cells (Curcio et al., 1987; Hofer et al., 2005; Lombardo et al., 2013a,b) . Tritanopia is a Fig. 5 . Comparison of normal and deficient color vision. Visible spectra illustrated for five types of human color blindness are adapted from (Karl and Gegenfurtner, 2001 ). The spectra represent only severe cases of color vision deficiencies and a common spectrum for normal color vision. Actually, there are milder degrees of color vision deficiencies such as deuteranomaly and protanomaly. These anomalous trichromats contain at least one normal cone opsin and one set, which evidence a minor spectral shift from each other (Bollinger et al., 2004; Yamaguchi et al., 1997) . Furthermore, 38% of Caucasian males with normal trichromacy contain variation in the red opsin that alters the normal spectrum.
SWS1 cone-related disease. Humans suffering from tritanopia are unable to differentiate colors in the middle to short wavelength region of the visible spectrum (Fig. 5) . Such variations of spectral discrimination are due to amino acid substitutions in the SWS1 cone pigment. Compared to the 8% prevalence of redegreen visual defects, the occurrence of tritanopia is much lower, affecting only 0.001%e0.2% of the human population (Gunther et al., 2006) . Tritanopia also increases during aging as cones become less sensitive to light with a reduction affecting the sensitivity of SWS1 cones at least as much as that of L/LWS and M/LWS cones (Eisner et al., 1987; Johnson et al., 1988; Shinomori et al., 2001; Werner and Steele, 1988) . The age-related loss of short wavelength sensitivity cannot or only partially be attributed to yellowing of the lens. A comparison study with younger tested persons showed that other factors such as pupil size, background illumination level, iris color and macular pigment density can account for the reduced perception (Beirne et al., 2008a,b) . Another explanation, found by neurological studies on the SWS1 cone pathway, showed that a neural loss in the retinal circuit and lateral geniculate nucleus causes a delayed SWS1 cone OFF response and thus an altered sensitivity (Shinomori and Werner, 2012) .
Genealogical studies have revealed that tritanopia is an autosomal dominant trait with incomplete penetrance, whereas protanopia and deuteranopia involve the X-chromosome and thus exhibit an X-linked pattern of inheritance (Krill et al., 1971; Smith et al., 1973; Wright, 1952) . Six disease-causing mutations are known to cause tritanopia: L56P, G79R, T190I, S214P, P264S and R283Q (Table 3) (Baraas et al., 2007 (Baraas et al., , 2012 Gunther et al., 2006; Weitz et al., 1992a,b) . As illustrated in Fig. 6 , these mutations do not interact with the chromophore itself. However, replacement of a rigid nonpolar Pro residue, with a polar or a charged residue or vice versa can distort the overall protein structure, impair GPCR activation or transport, all of which result in the loss of blueeyellow color perception (Weitz et al., 1992a,b; Zalewska et al., 2014) . The point mutation R283Q in the SWS1 opsin was shown to be associated with progressive SWS1 cone degeneration, analogous to the rod degeneration seen in retinitis pigmentosa (Baraas et al., 2007) .
Redegreen color deficiency
Individuals suffering from redegreen color deficiencies possess only two fully functional cone pigments, namely SWS1 and either M/LWS or L/LWS. The loss of functional L/LWS photopigment results in protanopia, whereas a shifted absorption of L/LWS photopigment causes protanomaly. The loss of functional M/LWS pigment results in deuteranopia, whereas a shifted absorption of M/LWS pigment causes deuteranomaly (Fig. 5) . Non-homologous recombination or point mutations within the L/LWS or M/LWS opsin genes produce these deficiencies (Fig. 5) (Deeb, 2004; Neitz and Neitz, 2011) . The spectral separation between the impaired L/ LWS and M/LWS pigments determines the severity of the color vision defect. The small difference (D M=LWS L=LWS ¼ 27:5nm) in spectral absorption between human L/LWS and M/LWS pigments is crucial for correct redegreen color vision. A spectral shift of about 5 nm caused by the S180A mutation accounts for 18% of the total wavelength difference between L/LWS and M/LWS. A shift of 5 nm in the absorption of the SWS1 cone pigment would only account for Fig. 6 . A schematic view of the SWS1 opsin with the six disease-causing mutations depicted in black. Each mutation is displayed as green sticks, whereas the wild-type is displayed according to element color. The protein is shown in a ribbon representation colored according to its secondary structure. Red represents a-helical structures, cyan indicates beta strands and loops are shown in green. The structure is displayed as a wire ribbon, where mutations have changed the secondary structure of the wild-type protein. (Winderickx et al., 1992b) , (Nathans et al., 1993) deutan, or BCM if both L/LWS and M/LWS are affected W177R (Gardner et al., 2010) X-linked cone-rod dystrophy R247Ter (Nathans et al., 1993) BCM with single L/LWS opsin gene P307L (Nathans et al., 1993) BCM with a single L/LWS-M/LWS hybrid gene R330N (Ueyama et al., 2002) deutan G338E (Ueyama et al., 2002) protan, deutan L/M153, I/V171, A174, V178 and A/S180 (LIAVA, LVAVA, LIAVS or MIAVA) Gardner et al., 2014; Mizrahi-Meissonnier et al., 2010; Neitz et al., 2004; Ueyama et al., 2012) protan, deutan SWS1 G79R (Weitz et al., 1992a ) tritan L56P (Gunther et al., 2006) tritan T190I (Baraas et al., 2012) mild tritan (at high luminance), severe tritan (at low luminance) S214P (Weitz et al., 1992a) tritan P264S (Weitz et al., 1992a) tritan R283Q (Baraas et al., 2007) tritan, SWS1 cone degeneration a Mutations in L/LWS and M/LWS can cause similar impairments because high homology between these two pigments and thus are grouped together.
4.5% or 3.6% of the total absorption difference between SWS1 and M/LWS or L/LWS, respectively. Thus mutations that cause a minor shift in the SWS1 pigment will cause a smaller change in color perception compared to shifts in M/LWS or L/LWS pigment absorption (Pokorny et al., 1981) . The L/LWS and M/LWS opsin genes are located in a head-to-tail tandem array on the human X-chromosome (Fig. 7) (Nathans et al., 1986b) . The amino acid sequence identity between L/LWS and M/ LWS opsins is 96%, and they have only 42% and 43% identity with the SWS1 opsin and rhodopsin (Nathans et al., 1986b; Okano et al., 1992) . The number of copies and sequences of both the L/LWS and M/LWS opsin genes varies among people with normal color vision (Fig. 7) (Neitz and Neitz, 1995; Yamaguchi et al., 1997) . For example, the L/LWS opsin exists as two prominent Ser/Ala variants at position 180 in humans with normal color vision which differ in l max by about 4 nm (Neitz and Jacobs, 1986) . The high degree of inherited redegreen color vision deficiency (~8%) can be explained by a high frequency of unequal homologous recombination (McClements et al., 2013; Roosing et al., 2014) . The high frequency of recombinations is promoted by the high homology of the L/LWS and M/LWS opsins. Non-homologous pairing, gene conversion and unequal cross-overs within this tandem array result in color vision deficiencies of different severity such as protanopia, protanomaly, deuteranpia, deuteranomaly or blue-cone monochromacy (Figs. 5 and 7) (Deeb, 2004; Neitz and Neitz, 2011) . Transcription of both the L/LWS and M/LWS opsins is regulated via a 3.5 kb upstream locus control region (LCR) (Nathans et al., 1989; Wang et al., 1992) . Therefore, the 5 0 -first and the 5 0 -second of numerous LWS opsin genes are transcribed and regulated by this LCR (Fig. 7) (Carroll et al., 2002; Deeb, 2005; McMahon et al., 2008; Winderickx et al., 1992a; Yamaguchi et al., 1997) . Deletion or damage of the LCR results in blue-cone monochromacy (BCM) (Figs. 5 and 7) (Nathans et al., 1989) .
L/LWS-M/LWS genetics
The L/LWS and M/LWS genes consist of six exons, one more (the first exon) than the rhodopsin and SWS1 genes that contain only 5 exons (Nathans et al., 1986b) . Exon five of the L/LWS and M/ LWS opsins is primarily responsible for the spectral differences in light absorption (Neitz and Jacobs, 1986) . Because L/LWS and M/ LWS opsin genes are located on the X-chromosome, females are theoretically capable of tetrachromacy. Addition of one more dimension within the visible spectra to trichromacy fails to produce a significant phenotypic advantage for these carriers (Jordan et al., 2010) .
To date, several point mutations are known which result in redegreen color deficiencies (Table 3) . Some of these are summarized in (Carleton et al., 2005) . Three different mutational mechanisms were categorized into three classes. First, deletion of the LCR; second, missense mutation in an LWS hybrid gene; and third, an exon 3 single-nucleotide polymorphism (Gardner et al., 2014) . Here we report a selection (N94K, R247Ter, C203R, P307L, R330Q and G338E) of known class two and three mutations in L/ LWS and M/LWS opsins and their corresponding disease phenotypes. All of these missense mutations result in either the absence of expression or lack of function of the corresponding photopigment. Males who have an X-chromosome opsin gene array in which there is a single gene containing one of these missense mutations, will experience blue cone monochromacy. In contrast, a male with two or more opsin genes on the X-chromosome in which one of the first two genes contains one of these missense mutations will be a dichromat. The type of dichromacy, protan or deutan, depends on whether the mutation is in the L/LWS opsin gene (protan) or M/LWS opsin gene (deutan). The point mutation G338E in L/LWS or M/LWS opsin results in a protan or deutan dichromacy, respectively, because of the inactivated photopigment (Ueyama et al., 2002) . The mutation N94K, C203R or P307L in either L/LWS or M/LWS results in a lack of light absorption and thus in dichromacy (Nathans et al., 1993; Reyniers et al., 1995; Ueyama et al., 2002) . The mutation R330Q found in M/LWS causes deutan dichromacy because of reduced absorption at 530 nm (Ueyama et al., 2002) . The mutation R247Ter in a male with only a single LWS gene leads to blue-cone monochromacy due to an early stop codon after the fifth transmembrane helix (Nathans et al., 1993; Reitner et al., 1991) . Furthermore, a deleterious combination of polymorphisms involving amino acids L153, I171, A174, V178 and A180 (LIAVA) can result in protanopia, deuteranopia or even blue-cone monochromacy (Fig. 5) if present in both L/ LWS and M/LWS genes Crognale et al., 2004; Gardner et al., 2014; Mizrahi-Meissonnier et al., 2010; Ueyama et al., 2012) . Besides LIAVA, the two single nucleotide Fig. 7 . A combined figure of transcription regulation, organization and crossover events of LWS opsin genes. L/LWS, M/LWS head to tail gene arrays are shown with the LCR located about 3.5 kb upstream. L/LWS genes are depicted in red, M/LWS genes in green. LCR regulates the expression of the first two LWS gene copies. Obviously a deletion or other damage of the LCR leads to BCM. The left and right crosses indicate unequal or equal crossovers, respectively during meiosis resulting in either a hybrid gene or exchange of a whole gene. The upper strand depicts the binding of LCR to the promoter region of the first L/LWS gene, whereas the lower strand represents the binding of LCR to the first M/LWS gene promoter via its three transcription factors. Percentages on the left indicate the distance-dependent probability of gene transcription regulated by LCR in Caucasian males (Carroll et al., 2000; McMahon et al., 2008) . polymorphisms leading to amino acid combinations of LVAVA and MIAVA were recently found to cause aberrant splicing (Gardner et al., 2014; Ueyama et al., 2012) .
X-linked cone dystrophy is yet another and more severe color vision deficiency. Here opsin dysfunction causes degeneration primarily of cone photoreceptors and subsequently rod photoreceptors resulting in severely impaired vision. Cone dystrophy differs from cone-rod dystrophy in that intact peripheral vision is retained in the former. Point mutations W177R and C203R in the third and fourth exon of the L/LWS-and M/LWS-genes are known to cause progressive X-linked cone dystrophy. Both mutations cause aggregation and accumulation of opsins within the endoplasmic reticulum of human neuroblastoma cells, similar to the rhodopsin retinitis pigmentosa-causing mutation P23H (Dryja et al., 1990; Gardner et al., 2010) . Compared to P23H rhodopsin, the W177R mutation cannot be rescued with 9-cis-retinal (Gardner et al., 2010) . Moreover, the linkage disequilibrium between LIAVA and W177R supports the concept of abundant gene conversions between the two homologous L/LWS and M/LWS opsin genes (Gardner et al., 2010) .
Transcription regulation of L/LWS and M/LWS opsin genes
Epigenetic studies have shown that rod and cone opsin transcription is regulated by several mechanisms, including interactions of at least three photoreceptor-specific transcription factors at the promoter or coding regions and looping of the cisregulatory region LCR or rhodopsin enhancer region (RER) (Fig. 7) . The latter interaction decreases as the distance increases between the LCR or RER and the promoter or coding region (Fig. 7) . The three transcription factors are the cone-rod homeobox (CRX), the neural retina leucine zipper (NRL), and nuclear receptor subfamily 2, group E, member 3 (NR2E3) (Peng and Chen, 2011) . GTF2IRD1 is an additional transcription factor found in human and mouse retina that might regulate the level and topology of rod and cone photoreceptor gene expression as well as the three known transcription factors (Farkas et al., 2013; Masuda et al., 2014) . Understanding transcription regulation mechanisms could increase the probability of transcribing fully functional copies of either an L/LWS or M/LWS gene and thereby restoring color vision in individuals with impaired color perception (Cideciyan et al., 2013) . Recent advances in somatic cell research revealed that fully functional photoreceptor cells derived from induced fibroblasts can further upregulate the endogenous NRL and NR2E3 genes required for photoreceptor cell specification (Seko et al., 2014) . Furthermore, successful transplantation of cone-like photoreceptors into mouse retinas with cone degeneration demonstrates the therapeutic potential of stem cell and gene therapies to cure these visual diseases (Dalkara et al., 2015; Santos-Ferreira et al., 2015) . Notably, restoration of color vision in a redegreen color blind primate also emphasizes the potential of gene therapy (Mancuso et al., 2009) . Furthermore, genetic deletion of both SWS gene alleles slowed down cone photoreceptor cell degeneration in a Leber congenital amaurosis mouse model. This finding implies that a combinatorial approach of gene therapy and pharmacological chaperones that improves folding of cone visual pigments should slow down photoreceptor degeneration (Zhang et al., 2015) .
Color vision among species
The retina is a highly specialized light sensor that can detect chromatic, spatial and temporal variations in light. This nerve tissue has also evolved adaptively to the particular environment of an animal's habitat (Ahnelt and Kolb, 2000; Bloch, 2015; Peichl, 2005; Szel et al., 1994a) . Thus, an animal possesses color vision if it can discriminate between stimuli that differ in their distributions of spectral energy. Or more precisely, it needs to possess: a) photoreceptors with distinct photopigments, and b) a neuronal circuit which connects the outputs of these receptors with the central nervous system (Jacobs, 1993) . The most sophisticated visual sensory system is found in the cones of sauropsids. Aside from several differing visual pigments and types of cone cells, they possess double cones, cone photoreceptor cells containing two outer segments with two different visual pigments such as LWS or RH2, and pigmented oil droplets that serve as chromatic filters. These features permit tetrachromatic vision and further improve hue and contrast discrimination (Ahnelt and Kolb, 2000; Vorobyev, 2003; Vorobyev et al., 1998) . Varying ratios of cone and rod cells between different species indicate an environmentally-related sculpting of the retina which influences the numerical ratio and also the structures of rod and cone photoreceptor cells. Adaptation of the first mammals to nocturnal activity led to a rod-dominated retina which affected photoreceptor cells and subsequently also the organization of second-order neurons (Ahnelt and Kolb, 2000; Hart et al., 2006; Peichl, 2005) .
In 1840, Adolph Hannover discovered colored oil droplets in bird cone photoreceptor cells (Hannover, 1840) . Almost 100 years later Gordon Lynn Walls reported the presence of an oil droplet located before the disc membranes of cones or rods in a variety of species including sturgeon, marsh hawk, leopard frog, snapping turtle, western painted turtle, and marbled lungfish (Walls, 1942) . The presence of these oil droplets in cone photoreceptor cells of all birds, and some reptiles, amphibians, mammals and fish was later confirmed by several other groups (Fischer, 1984; Robinson, 1994; Vorobyev, 2003) . The presence of an oil droplet in just a minority of various species suggests that this feature could be an ancient feature of visual cells. Genealogical studies dated the origin of colored droplets to about 400 million years ago. That pigmented oil droplets are found exclusively in tetra or higher chromatic species indicates that they provide an advantage only when many different photopigment types are present (Robinson, 1994) . Walls and Hannover noted that some oil droplets in cones contain dissolved yellow, orange or red pigments (Table 4) (Hannover, 1840; Walls, 1942) . Light absorption by these oil droplets varied from 375 to Number of carotenoids
a Lower case 'j' and 's' indicate the relative size of the droplet, with 'j' representing the small and 's' the large size. Adapted from (Goldsmith et al., 1984) .
477 nm depending on their pigments. Analysis of extracted pigments showed that these were carotenoid derivatives, such as astaxanthin, zeaxanthin or ε-carotene (Goldsmith et al., 1984) . Further information about carotenoids and a structural perspective about their enzymatic cleavage was reviewed by (Sui et al., 2013) . Some droplets contained up to two carotenoid pigments. Avian oil droplets have been classified based on their spectrophotometric and morphological properties (Table 4) (Goldsmith et al., 1984) . Because pigmented oil droplets absorb light at specific wavelengths, they could enhance color contrast, acting as filters to exclude certain wavelengths of light. An additional function could be protection against damage by light in the short wavelength range (Goldsmith et al., 1984; Hart et al., 2006; Fischer, 1984) . Calculations of energy distribution indicate that oil droplets enhance the absolute sensitivity at one wavelength and also the signal-to-noise ratio of photoreceptor cells through absorption of scattered photons in the retina (Ives et al., 1983) . In contrast, absorption of any wavelength of light in a dim lit environment would be disadvantageous. A study of pigmented oil droplets in chicken retina showed that the carotenoid density was proportional to the light intensity of their environment. This finding indicates that the visual pigment density and therefore the absorption could be adapted on a seasonal timescale to optimize color perception (Hart et al., 2006) . Furthermore, the dietary uptake of carotenoids can modify the composition and concentration of carotenoids found in avian oil droplets (Knott et al., 2010) . Taken together, the features of colored or non-colored oil droplets probably improve both colorecontrast and hue discrimination. This improvement could be highly beneficial, especially where colors play a crucial role in natural selection (Vorobyev, 2003; Vorobyev et al., 1998) .
Through all the species the light absorbing prosthetic group in visual pigments is a retinal analog or retinal (Urich, 2013) . So far four different visual chromophores were characterized; Retinal (RAL 1 ) is the universal chromophore found in most vertebrates and invertebrates (Wald, 1939a,b) . Porphyropsin, 3-dehydroretinal (RAL 2 ) is found in fish, some amphibians and reptiles (Allison et al., 2004; Suzuki et al., 1984a; Toyama et al., 2008; Wald, 1939b) . Those two chromophores (RAL 1 and RAL 2 ) compete for the same binding site in opsin proteins if present in photoreceptor cells (Allison et al., 2004; Suzuki et al., 1984b) . Xanthopsin, 3-hydroxyretinal (RAL 3 ) was exclusively discovered in the visual system of insects and occurs in two enantiomeric forms (3R and 3S) (Kirschfeld et al., 1977; Seki and Vogt, 1998; Vogt and Kirschfeld, 1983) . 4-Hydroxyretinal (RAL 4 ) the forth chromophore was discovered in firefly squid (Matsui et al., 1988) . A comparison of RAL 2 and RAL 1 in salamander red rods demonstrated that RAL 1 improves dark noise levels compared to RAL 2 (Ala-Laurila et al., 2007) . The origin and further advantages besides the peak absorption of the different chromophores RAL 1-4 in visual pigments is not fully understood.
Variations of cone photoreceptor organization throughout species
When immunohistochemistry is used to compare mammalian retinas, the largest diversity of cone abundance is found in rodents. This finding is not surprising, as rodents constitute the most species-rich order and occupy a large variety of habitats. Moreover, the distribution of cone photoreceptor cells is similar in the retinas of all mammalian species. The highest cone density is found in the dorsotemporal quadrant of the retina's Area centralis with a centroperipheral density gradient. A search for SWS cones revealed either their absence in species such as whales, seals and some nocturnal species or a distribution similar to LWS or MWS cones.
Notably, SWS cones account for only about 5e10% of total cones distributed into three regions: first, a centro-peripheral density gradient of SWS cones with a peak density at the Area centralis in the dorso-temporal quadrant; second, a high SWS cone concentration in the ventral retina, and third, a reverse topography of SWS cones with a high density in the peripheral retina and a low density in the central retina (Lukats et al., 2005; Peichl, 2005; Szel et al., 2000) . Typically, photoreceptor cells contain only a single visual pigment in most species. Immunohistochemical analyses of the retina have revealed, however, that in some species that there are regions with dually pigmented cones co-expressing two pigments (Lukats et al., 2005) . ERG studies in mice and Siberian hamsters revealed that dual cones are sensitive to UV and long wavelength Fig. 8 . Topography of the spectral cone types in mammalian species. The bottlenose dolphin represents marine mammals lacking SWS cone photoreceptor cells. The ground squirrel represents a cone dominant diurnal species with a high density spot of SWS cones in the dorso-temporal region of the retina. The rabbit contains SWS cone photoreceptors in an increasing gradient from the area centralis to the ventral region of the retina (Ahnelt and Kolb, 2000) . Fig. 9 . Schematic optics of the eye provide an explanation of the SWS1 cone distribution around the central fovea. Polychromatic light indicated by an arrow (left) undergoes different aberrations through the lens and vitreous. This process causes the different focus points behind (red), on (green) and in front (blue) of the retina. Dimensions of fovea are from (Kolb, 2015) .
light (Calderone and Jacobs, 1999; Jacobs et al., 2004) . How these signals are processed and contribute to color perception is still unknown. Expression of two LWS and SWS opsins within one photoreceptor cell is a rare phenomenon in mammalian species. To date, such dually pigmented cones have been detected in the house mouse, guinea pig and rabbit (Rohlich et al., 1994) . Dual cones first express the SWS opsin and then later in development express MWS and LWS opsins (Lukats et al., 2005; Szel et al., 1994b) . The distribution of such pigmented cones throughout the retina differs among species. An interesting pattern is found in mice where SWS and LWS pigments are distributed along a dorsoventral gradient. In dorsal cones MWS and LWS opsins are preferentially expressed but in ventral cones, SWS opsin expression dominates. A high abundance of SWS pigments in the ventral region is also found in insectivores (Lukats et al., 2005) . The function of these dually pigmented cells could serve more in broadband detection than in specific color contrast discrimination (Peichl, 2005) .
SWS cones: a distinct member of the retina
The uneven distribution of SWS cones within the retina is not fully understood. However, the increased SWS cone density in the ventral retina region in species such as rodents implies an evolutionary adaption to blue skylight because that is the background from which their predators attack (Lukats et al., 2005; Peichl, 2005) . Two-photon imaging, statistics and immunohistochemistry were used to investigate the response properties of MWS and SWS cones based on their loci in mouse retina. The results indicate that the improved detection of achromatic contrast in the sky region originates from a higher gain of SWS cones in the ventral retina, and not from greater spectral sensitivity (Baden et al., 2013) . Further, lower phototransduction noise in photoreceptor cells leads to higher visual sensitivity (Aho et al., 1988; Angueyra and Rieke, 2013) . SWS photopigments have reduced noise compared to most LWS photopigments, thus the improved detection could partially result from a lower phototransduction noise in SWS cone photoreceptor cells (Rieke and Baylor, 2000) . An exceptional feature of SWS cones is their complete absence in the retinas of bottlenose dolphins. Also notable is a distribution of SWS cones found in the ground squirrel that differs from the pattern exhibited by LWS and MWS cones (Fig. 8) . Loss of SWS cones can occur in distinct mammalian species, and loss of SWS cones is common in marine mammals. This observation seems counter intuitive as short wavelength light is the major source of light in open, clear water (Griebel, 2002) . LWS and rod pigments of marine mammals also exhibit a hypsochromic shift which possibly could compensate for their loss of SWS cones (Peichl, 2005; Peichl et al., 2001) .
Humans and most primates have a cone-rich region in the retina termed the fovea which can be compared with the Area centralis of other mammals. Consisting of tightly packed cones, the fovea is almost devoid of rods (Fig. 9) . Moreover, entering light can avoid crossing secondary neurons because these are bent away from the fovea (Provis et al., 2013) . This morphology makes the fovea well suited for high resolution vision of focused objects. Photoreceptor cells are organized within a mosaic in the retina, their distribution varying from a completely random to an ordered hexagonal topography. A hexagonal organization represents the closest packing comparable to crystal packing, wherein one cone photoreceptor is surrounded by six photoreceptor cells. This highly ordered packing is prominently found with cones, whereas rods disrupt the hexagonal topography by having four to five directly neighboring photoreceptor cells (Ahnelt and Kolb, 2000; Lombardo et al., 2013a,b; Pum et al., 1990) . Such an arrangement allows the highest density of light sensors and thus one of the highest possible optical resolutions in nature. Conversely, irregularities in cone photoreceptor organization found in their mosaics are mainly due to curvature, local noise, interference from other cellular subpopulations, and meridional changes of size and composition (Ahnelt, 1998; Hirsch J Fau -Miller and Miller, 1987) . Such irregularities result in areas where one photoreceptor class is predominant or absent, and as a result, these regions will be more or less sensitive to one wavelength. In humans and some primates, the number of SWS cones is markedly reduced in the foveal pit. SWS cones have the highest density within the fovea around the foveal pit. Although the impact of this foveal organization is still unknown, it should be noted that short wavelength light is dispersed to a higher degree than medium or long wavelength light, depending on the wavelength-specific refractive index. This fact would explain why SWS cones are mainly located in the foveal ring surrounding the foveal pit (Ahnelt, 1998; Curcio et al., 1987; Lukats et al., 2005; Walls, 1942) . Such foveal organization also compensates for the greater dispersion of short wavelength light through the cornea, lens and vitreous (Fig. 9) . Furthermore, transmission of short wavelength light is reduced more than that of medium and long wavelength light. Dispersion plus transmission properties of the cornea and lens contribute to the explanation of why no SWS1 cone pigments are found in the center of the fovea and why SWS cones account for only 5e10% of all cone photoreceptor cells. The fovea contains increased concentrations of carotenoids that absorb short wavelength light (Hammond et al., 1997) . Thus, the ability to absorb blue light indicates a scavenger effect similar to that found in oil droplets, which absorb scattered photons within the eye and thereby, improve the signal to noise ratio. Limited space in the retina has forced nature to build the most effective, efficient and sophisticated light sensors with minimal redundancy in the photoreceptor cell population (Fig. 9) . As do all optical systems, the eye also suffers from chromatic anomalies depending on the wavelength of light. For example, short wavelengths exhibit greater deviations than long wavelength light resulting in myopia (near sightedness) for short wavelengths and hyperopia (far sightedness) for long wavelengths of light (Charman and Jennings, 1976) . These abnormalities cause three optical effects, namely alterations in focus, position and magnification. The difference in focus stems from a longitudinal chromatic aberration, whereas differences in position and magnification are based on transverse chromatic aberrations (TCA) (Fig. 9) (Gupta et al., 2010; Rucker and Osorio, 2008; Rynders et al., 1995) . Herein we propose that the organization and distribution of photoreceptor cells within and around the fovea partially compensate for these abnormalities. Furthermore, neurons in the brain process visual stimuli and match them together to form a meaningful image (Artal et al., 2004; Ohlendorf et al., 2011; Sabesan and Yoon, 2010) . Thus, organization of the fovea and processing through neurons compensate for the disruptive effects of chromatic aberrations. Besides the fovea, there is a cone-rich rim consisting of L/LWS and M/LWS cone photoreceptors found at the ora serrata of the human retina. This organization of cones could contribute to color perception by detecting dispersed light, although its function has not yet been fully established (Curcio et al., 1987; Mollon et al., 1998) . Others propose three advantages for the band of cones at the edge of the retina with respect to peripheral vision. First, is to detect objects crossing the visual field based on a change in contrast. Second, cones can evoke a signal in bright daylight because they are not saturated under bright light conditions. Third, the time response of cones is more rapid than that of rods, allowing a faster and steady perception (Lamb, 2013; Williams, 1991) . Measurements of color perception in the intermediate periphery confirmed the ability of peripheral redegreen color detection (Hansen et al., 2009 ). How the cone-rich rim contributes to peripheral color perception remains to be answered. Müller glial cells can contribute to our color perception as shown by a combined experimental and computational experiments (Agte et al., 2011; Franze et al., 2007; Labin et al., 2014) . Thus, these neurons act as wavelength-dependent wave guides to selectively direct incoming photons to corresponding cone-or rod-photoreceptor cells, a concept reminiscent of the passage of light through fiber optics. The idea of Müller glial cells as wave guides is controversial in the field of vision. Questions of how Müller glial cells might select specific wavelengths and thus improve light perception or if Müller glial cells simply degrade vision remain to be answered.
Conclusions
Here we provide an overview of the first steps in color vision by combining the most recent relevant information in the fields of physics, chemistry and biology. History has taught us that such an interdisciplinary combination can contribute substantially to our knowledge of this process. However future progress will require the incorporation of new approaches involving other disciplines as well to answer more complex scientific questions about light perception and the spectral tuning of cone pigments.
Visual perception starts with the absorption of photons, excitation of the chromophore and the cis-trans-isomerization of 11-cis-retinal in the retina and ends with signal processing in our central nervous system. Thus, vision and the perception of color is a highly complex process involving an interplay of photons, chromophore, opsin proteins, neurons and their crosstalk. Herein, we discuss energetic aspects along with chemical properties of the chromophore, which provide insights into the natural limits of our visible spectra. The physical properties of light and its dispersion through cornea, lens, and vitreous limit our color perception. Moreover, the distribution of LWS, MWS, and SWS cone photoreceptors throughout the retina seems to be shaped by evolution to optimize visual perception in the particular habitat of a species. The hypothesis that the organization of photoreceptor cells at the fovea compensates for wavelength-dependent aberrations caused by the lens also seems likely. An exotic nonetheless effective device to optimize color perception is the oil droplet found in the retinas of birds, fish, reptiles and marsupials. Oil droplets supposedly improve contrast by filtering out unwanted wavelengths of light through absorption by carotenoids which further improves the signal-to-noise ratio. Similar carotenoids are found in retinas of mammals, especially at high concentrations in and around the fovea. Whether these carotenoids act as scavengers for scattered photons and thus have the same function as an oil droplet remains unknown.
Color vision deficiencies can be inherited or caused by various mutations or unequal crossovers, resulting in a reduced, shifted or absent wavelength sensitivity in at least one cone photopigment. To date, up to six point mutations in the SWS1 opsin are known to cause tritanopia, a deficiency in blue spectral sensitivity. The more frequent redegreen color deficiency can be caused by various point mutations similar to tritanopia. Moreover, a major motif is found in the increased number of recombinants between the highly homologous L/LWS and M/LWS opsin genes. Transcription of these opsin genes is regulated by the LCR, such that deletion or mutation of the LCR leads to BCM. Furthermore, transcription of one of the numerous L/LWS or M/LWS opsin gene copies depends on the distance between LCR and the copy; thus the shorter this distance, the greater the transcription. Gene therapy can be used to cure redegreen color blindness in adult primates (Mancuso et al., 2009) . Moreover, how these findings can be applied to humans is a topic of current research interest.
Structural studies, computational chemistry, mutagenesis and biochemistry have provided insights into the spectral tuning of the universal chromophore, 11-cis-retinal. Nevertheless, we stress here that mutagenesis of single amino acids and spectral analyses do not take the complex interaction of internal visual pigment waters, hydrogen bond networks and their rearrangements into account. Thus, more experimental data at a molecular level are desperately needed to decipher the secrets of nature's spectral tuning.
Future directions
The highest resolution structures of cone pigments are urgently required to identify their side-chain arrangements and also to reveal water molecules and hydrogen bond networks that reside within the transmembrane bundles of GPCR helices. Such structures will demonstrate the multiple components that contribute to the spectral properties of visual pigments including: a) the organization of internal waters; b) protonation states of other pigment residues along with the helical bundles; and c) conformations and twisting of the chromophore within the binding pocket. To supplement this structural data, radiolytic footprinting methods should provide additional information about water interactions and movements. Moreover, cations and anions can significantly change the spectral tuning of visual pigments. These charged molecules need to be identified in the pigment structures and correlated with the corresponding spectra.
Combined X-ray crystallography, electron crystallography and radiolytic footprinting studies will provide details for cone pigments unprecedented in GPCR structural determination. This information will constitute a platform for initiating molecular dynamics and quantum mechanics computational studies. Quantum mechanical calculations of the chromophore in the binding pocket will reveal the mechanism of spectral tuning for each of the cone pigments. Although such mechanisms have long been studied, direct observation and calculation will only be enabled with high-resolution structural data made possible through the multidisciplinary protocols outlined above. Hybrid QM/MM molecular dynamics trajectories will reveal structural changes that take place in the chromophore, the protein, and bound waters during the photochemical and thermal chromophore isomerization reaction.
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